Objectives: Myostatin, a negative regulator of muscle growth, is increased in hypertrophied and infarcted heart. However, the mechanism of regulation is not known. Mechanical stress is an important regulatory factor for cardiomyocyte growth. The aim of the study was to investigate the effect of cyclic stretch on the expression of myostatin gene in cardiomyocytes. Methods: Neonatal Wistar rat cardiomyocytes grown on a flexible membrane base were stretched by vacuum to 20% of maximum elongation at 60 cycles/min. An in vivo model of aorta-caval shunt in adult rats was used to investigate the myostatin expression. Results: Cyclic stretch significantly increased myostatin protein and mRNA expression after 6 to 18 h of stretch. Addition of the p38 mitogen-activated protein (MAP) kinase inhibitor SB203580, insulin-like growth factor-1 (IGF-1) monoclonal antibody, and p38 siRNA 30 min before stretch inhibited the induction of myostatin protein. Cyclic stretch increased, while SB203580, IGF-1, and IGF-1 receptor antibody abolished, the phosphorylated p38 protein. Gel shift assays showed significant increase of DNA-protein binding activity of myocyte enhancer factor 2 (MEF2) after stretch, and transfection with p38 siRNA abolished the DNA-protein binding activity induced by cyclic stretch. Cyclic stretch significantly increased the IGF-1 secretion from myocytes. Both conditioned media from stretched myocytes and exogenous administration of IGF-1 recombinant protein to the non-stretched myocytes increased myostatin protein expression similar to that seen after cyclic stretch. An in vivo model of aorta-caval shunt in adult rats also demonstrated the increased myostatin expression in the myocardium. Conclusions: Cyclic mechanical stretch enhances myostatin expression in cultured rat neonatal cardiomyocytes. The stretch-induced myostatin is mediated by IGF-1 at least in part through a p38 MAP kinase and MEF2 pathway.
Introduction
Myostatin is a transforming growth factor-h family member that plays an essential role in regulating skeletal muscle growth [1] . Myostatin, a negative regulator of muscle growth, is highly conserved across species [2] . Although myostatin was first characterized in skeletal muscle, it has also been identified in the heart [1,3 -5] . Sharma fetal and adult hearts and that myostatin expression is upregulated in cardiomyocytes after infarction [4] . Recently, Cook et al. reported dramatic upregulation of myostatin in hypertrophied hearts with transgenic overexpression of Akt [5] . These data indicate that myostatin could play an important role in cardiac physiology and pathophysiological conditions. Actually, Cook et al. have hypothesized that up-regulation of myostatin in hypertrophied hearts may represent a negative feedback mechanism, given the role of myostatin in limiting skeletal muscle growth [5] .
In cultured muscle cell lines, myostatin suppresses both proliferation and differentiation while insulin-like growth factor-1 (IGF-1) stimulates both of these processes [6] . IGF-1 is an important growth and survival factor for cardiac muscle cell [7] . IGF-1 is induced in pathological myocardium such as left ventricular hypertrophy and myocardial infarction, and in normal myocardium under mechanical stress [8 -10] .
Myostatin is increased in the serum and muscle of patients with cachexia and muscle wasting due to HIV infection [11] . IGF-1 mRNA is upregulated in a counterregulatory response to chronic human disuse muscle atrophy where myostatin mRNA expression increases [12] . It is not known whether myostatin is upregulated in a similar counter-regulatory response to human severe chronic cardiac failure with cachexia and muscle wasting where IGF-1 expression increases. IGF-1 and myostatin are paracrine regulators of muscle growth. Although myostatin is increased in hypertrophied and infarcted heart [4, 5] , the mechanism of regulation is not known. We hypothesized that myostatin gene may be mechanically responsive in cardiomyocytes. Besides, the relationship between IGF-1 and myostatin in the cardiac muscle has not been reported previously. We further hypothesized that IGF-1 mediates stretch-induced upregulation of myostatin expression in cardiomyocytes.
Myocyte enhancer factor 2 (MEF2) transcription factors are critically involved in the regulation of inducible gene expression during myocardial hypertrophy and MEF2-DNA-binding activity is increased in the rat hearts of pressure or volume overload [13] . Transactivation activity of MEF2 is stimulated by p38 MAP kinase [14, 15] . The myostatin gene upstream region contains MEF2 site and muscle-specific expression of myostatin appears to be regulated by MEF2 [16] . IGF-1 is involved in the activation of mitogen-activated protein (MAP) kinases via tyrosine kinase receptors within many cell types [14] . p38 MAP kinase has been shown to play a critical role in stretch-induced cardiomyocyte hypertrophy [17] . It is not known whether there is a link between IGF-1 and MEF-2-DNA binding activity in cardiomyocytes in response to mechanical stress. Accordingly, we sought to investigate the effect of cyclic stretch on the expression of myostatin gene in cardiomyocytes and investigate the possible mechanism and signal pathways mediating the expression of myostatin gene by cyclic mechanical stretch.
Methods

Primary cardiomyocyte culture
Cardiomyocytes were obtained from Wistar rats aged 2-3 days old by trypsinization, as previously described [18] . Cultured myocytes thus obtained were > 95% pure as revealed by observation of contractile characteristics with a light microscope and stained with anti-desmin antibody (Dako Cytomation, Glostrup, Denmark). Cardiomyocytes were seeded on flexible membranes base of 6 culture wells at a cell density of 1.6 Â 10 6 cells/well in Ham's F-10 containing 10% horse serum and 10% fetal calf serum. After 2 days in culture, cells were transferred to serum-free medium (Ham's F-12: DMEM; 1 : 1) and maintained for another 2 days. The enriched myocytes were then subjected to cyclic stretch. The study conforms with Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
In vitro cyclic stretch on cultured cardiomyocytes
The Flexcell FX-2000 strain unit consists of a vacuum unit linked to a valve controlled by a computer program [18, 19] . Cardiomyocytes cultured on the flexible membrane base were subjected to cyclic stretch produced by this computercontrolled application of sinusoidal negative pressure with a peak level of ffi 15 kPa at a frequency of 1 Hz (60 cycles per minute) for various periods of time. Application of the vacuum results in maximum elongation of 20% to cells at the periphery of the wells with strain declining towards the center [20] . To determine the roles of c-Jun N-terminal kinase (JNK), p38 MAP kinase or p42/p44 MAP kinase in the expression of stretch-induced myostatin expression, myocytes were pretreated with SP600125 (20 AM, CAL-
for 30 min, respectively, followed by cyclic stretch. SP600125 is a potent, cell-permeable, selective, and reversible inhibitor of JNK. SB203580 is a highly specific, cellpermeable inhibitor of p38 kinase. PD98059 is a specific and potent inhibitor of p42/p44 MAP kinase.
Western blot analysis
Western blot was performed as previously described [21] . Rabbit polyclonal anti-myostatin antibody (CHEMICON, Temecula, CA, USA), monoclonal anti-mouse IGF-1 and IGF-1 receptor antibodies (R and D Systems, Minneapolis, MN, USA), polyclonal anti-p38 MAP kinase and monoclonal anti-phospho p38 MAP kinase antibodies (Cell Signaling, Beverly, MA, USA) were used.
Northern blot analysis
Total RNA was prepared by solubilizing myocytes in Ultraspeci RNA kit (Biotecx Laboratory Inc., Houston, Texas, USA). Aliquots of 20 Ag of total RNA were fractionated in formaldehyde-agarose gels, transferred to Hybond-N + nylon membrane, and hybridized with [a 32 -P]dCTP-labeled cDNA probes, generated from mouse myostatin and atrial natriuretic factor cDNA. The membrane was prehybridized at 65 -C for 1 h, and hybridized with radioactively labeled probes at 65 -C for 3 h in Rapid-hyb buffer (Amersham, Buckinghamshire, England). Posthybridization wash was performed with a final stringency of 0.2Â standard saline citrate containing 0.1% SDS at 65 -C. Quantitative analysis was performed with a PhosphorImager.
Electrophoretic mobility shift assay (EMSA)
Nuclear protein concentrations from cultured myocytes were determined by Biorad protein assay. Consensus and control oligonucleotides (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) were labeled by polynucleotides kinase incorporation of [g 32 P]-dATP. Oligonucleotides sequences of MEF2 were consensus 5V-GATCGCT-CTAAAAATAACCCTGTCG-3V. The MEF2 mutant oligonucleotides sequences were 5V-GATCGCTGTAAA-CATAACCCTGTCG-3V. EMSA was performed as previously described [21] .
RNA interference
Synthetic p38 siRNA was purchased from Santa Cruz Biotechnology and synthetic MEF2 siRNA from Dharmacon Inc (Lafayette, CO, USA). p38 siRNA is a targetspecific 20-25 nt siRNA designed to knockdown gene expression of p38a and p38h. MEF2 siRNA (sense sequence, UGAGCAUGCUGGGCGAAUAUU and antisense sequence, 5V-PUAUUCGCCCAGCAUGCUCAUU) was designed to knockdown gene expression of MEF2-A and MEF2-C. As a negative control, a non-targeting siRNA (control siRNA) purchased from Dharmacon was used. Neonatal cardiomyocytes were transfected with siRNA oligonucleotides using Effectene Transfection Reagent according to the manufacture's instruction (Qiagen Inc, Valencia, CA, USA). After incubation at 37 -C for 24 h, cells were stretched for 18 h, and subjected to analysis of Western blot. The effect of p38 and MEF2 siRNA transfection was verified by the downregulation of p38 and MEF2 protein as compared to control siRNA. No interferon response was observed after both p38 and MEF2 siRNA transfection as checked by real time PCR for interferon-h.
Cytotoxicity studies
Cardiomyocytes were adjusted to 3 Â 10 4 cells/mL in DMEM medium. Aliquots of 20 mL of cell suspension were plated in 40-mm Petri dishes. After incubation for 24 h, the medium was replaced with fresh medium containing SB203580 and IGF-1 monoclonal antibody at a concentration of 20 AM and 5 Ag/mL, respectively. MTT assay was performed as previously described [22] . Cell viability after application of cyclic stretch was constantly monitored by trypan blue staining and measurement of release of lactate dehydrogenase (LDH) into culture medium and total myocyte LDH as described previously [23] .
Measurement of IGF-1 concentration
Conditioned media from stretched myocytes and those from control (unstretched) cells were collected for IGF-1 measurement. The level of IGF-1 was measured by a quantitative sandwich enzyme immunoassay technique (Diagnostic Systems Laboratories, Inc., Webster, TX, USA). The lower limit of detection of rat IGF-1 was 30 ng/mL. Both the intra-observer and inter-observer coefficient of variance were < 10%.
Protein synthesis assay
Cardiomyocytes were cultured with serum-free medium in ViewPlate for 60 min (Packard Instrument Co., Meriden, CT, USA). IGF-1 (600 ng/mL) and myostatin (100 ng/mL) were added to the medium. The cells were then labeled with 100 ACi/mL 35 S-methionine for various periods of time. Cells were washed with PBS twice. MicroScint-20 50 Al was added and the plate was read with TopCount (Packard Instrument Co.).
Rat model of aorta-caval shunt
On the day of surgery, the Sprague -Dawley rats weighing 280 to 330 g were anesthetized with ether and the vena cava and aorta were exposed via abdominal midline incision. The aorta-caval shunt was produced as previously described [24] . In brief, the aorta was punctured at the union of the segment two-thirds caudal to the left renal artery and one-third cephalic to the aortic bifurcation, with an 18 gauge disposable needle held with a plastic syringe. Sham-operated control animals were prepared in a similar manner, except that the aorta was not punctured.
Statistical analysis
The data were expressed as mean T S.E.M. Statistical significance was performed with Student t test or analysis of variance (GraphPad Software Inc., Dan Diego, CA, USA) where appropriate. The Dunnett's test was used to compare multiple groups to a single control group. Tukey -Kramer comparison test was used for pairwise comparisons between multiple groups after the ANOVA. A value of P < 0.05 was considered to denote statistical significance.
Results
Cyclic stretch enhances myostatin protein and mRNA expression in cardiomyocytes
The Western blot showed the three forms of myostatin detected by the polyclonal anti-myostatin antibody and the relative sizes of precursor, latency-associated peptide (LAP), and processed myostatin in cardiomyocytes (Fig.  1) . These data indicate that myostatin protein is synthesized in neonatal cardiomyocytes and that the precursor myostatin is processed in cardiomyocytes. Both precursor (LAP) and processed myostatin were induced after stretch. The levels of processed myostatin were used to represent the myostatin protein expression in the present study. The levels of myostatin protein shown by Western blot analysis began to increase as early as 6 h after stretch at 20% elongation, reached a maximum of 4.4-fold ( P < 0.01) over the control by 18 h and remained elevated up to 48 h (Fig. 1) . Stretch-induced myostatin protein expression was load-dependent.
The Northern blots showed that myostatin messages increased significantly after 6 and 18 h of stretch at 20% elongation (Fig. 2) . The mRNA of atrial natriuretic factor, a hypertrophy marker, also increased after stretch. No increase in release of LDH was observed following cyclic stretch at 20% elongation for 24 h. The LDH release from stretched and non-stretched cardiomyocytes was 5.1% and 5.3% of total myocyte LDH, respectively. Trypan blue staining also did not show any significant cell damage under these conditions. These data demonstrated that cyclic stretch at 20% elongation did not induce serious injury on cardiomyocytes.
Stretch-induced myostatin protein expression in myocytes is mediated by p38 MAP kinase
As shown in Fig. 3 , the Western blot demonstrated that the stretch-induced increase of myostatin protein was significantly reduced after addition of SB203580, 30 min before stretch. SB203580 was dissolved in DMSO. DMSO as a vehicle did not inhibit myostatin protein expression under stretch. The myostatin protein induced by stretch was not affected by the addition of PD98059 or SP600125. The phosphorylated JNK was blocked after addition of SP600125 and the phospho-p42/p44 MAP kinase was diminished after addition of PD98059. These findings confirmed the biological activity and correct dose of SP600125 and PD98059. Addition of another p42/p44 MAP kinase inhibitor, U0126 (25 AM, CALBIOCHEM \ ) and wortmannin (5 nM, Sigma Chemical, St. Louis, MO, USA), a potent and specific inhibitor of phosphatidylinositol-3 (PI-3) kinase for 30 min before stretch did not affect myostatin protein induced by stretch. Cyclic stretch and IGF-1 increased phospho-PI-3 kinase protein expression as PI-3 kinase activator did at 1 AM (Santa Cruz Biotechnology), while wortmannin decreased phospho-PI-3-kinase protein level (Fig. 3C) . These data implicate that cyclic stretch and IGF-1 activate both p38 MAP kinase and PI-3 kinase pathways, while myostatin induced by stretch and IGF-1 is through p38 MAP kinase pathway but not PI-3 kinase pathway. To test the specific effect of p38 MAP kinase pathway mediating the expression of myostatin, p38 siRNA was transfected to neonatal cardiomyocytes before cyclic stretch. As shown in Fig. 3, p38 siRNA also completely blocked the myostatin expression induced by cyclic stretch ( P < 0.01). The effect of p38 siRNA was verified by the downregulation of the protein expression of target gene, p38a and p38h, as shown in Fig. 3D . The control siRNA did not affect the myostatin expression induced by cyclic stretch. These findings implicate that p38 MAP kinase pathway, but not JNK, p42/p44 MAP and PI-3 kinases pathways, mediates the induction of myostatin protein by cyclic stretch in myocytes. The conditioned medium from stretched myocytes induced the same increase in myostatin protein expression in non-stretched myocytes. This finding suggests that cyclic stretch regulates myostatin protein in cardiomyocytes possibly via autocrine or paracrine mechanisms.
As shown in Fig. 4 , phosphorylated p38 protein was induced by cyclic stretch for 20% elongation. The pattern of increase in phosphorylated p38 protein after stretch was similar to that of myostatin protein after stretch. The phosphorylated p38 but not phosphorylated ERK and JNK proteins induced by stretch was abolished by SB203580 and IGF-1 antibody. p38 siRNA decreased total and phosphorylated p38 proteins. MTT assay showed that the absorbency at 570 nm demonstrated no difference among control cells and cells treated with SB203580 and IGF-1 antibody at different concentrations for up to 24 h. The data demonstrated no cytotoxicity of SB203580 and IGF-1 antibody on myocytes.
Cyclic stretch increases MEF2-binding activity
Cyclic stretch of myocytes for 2 to 24 h significantly increased the DNA-protein binding activity of MEF2 (Fig.  5 ). An excess of unlabeled MEF2 oligonucleotide competed with the probe for binding MEF2 protein, whereas an oligonucleotide containing a 2-bp substitution in the MEF2 binding site did not compete for binding. Addition of SB203580 and IGF-1 monoclonal antibody 30 min before stretch abolished the DNA-protein binding activity induced by cyclic stretch. Exogenous addition of IGF-1 to the myocytes without stretch also increased the DNA-protein binding activity. DNA-binding complexes induced by cyclic stretch could be supershifted by a specific MEF2 antibody, indicating the presence of this protein in these complexes. p38 siRNA, similar to SB203580, also abolished the DNAprotein binding activity induced by cyclic stretch. Trans- fection with MEF2 siRNA before stretch attenuated the myostatin protein expression induced by stretch (decreased from 4.1 T 0.3-fold to 1.2 T 0.1-fold as compared with control; P < 0.001, n = 3). The data implicate that MEF2 is critically involved in the induction of myostatin by mechanical stretch in cardiomyocytes. We constructed a plasmid containing mouse myostatin promoter. The fragments of mouse myostatin promoter (À 2040 to +32 bp) were subcloned into a pGL3-based vector (Promega Corp. Madison, WI, USA). The myostatin promoter contains MEF2 conserved sites (CTAAAAATAA) at À 671 to À 680 bp. Transcriptional activity increased 3.5-fold after stretch when mouse myostatin promoter was transfected into cardiac fibroblasts. When the MEF2 conserved sites were mutated or deleted, the transcriptional activity after stretch was similar to the control cells without stretch. These data indicate that an intact MEF2 site is crucial for p38 MAP kinase provoked MEF2 transcriptional activity of myostatin promoter.
Cyclic stretch stimulates secretion of IGF-1 from myocytes
As shown in Fig. 6 , cyclic stretch significantly began to increase the IGF-1 secretion from myocytes at 2 h after stretch and reached a maximum at 6 h and remained elevated for 24 h. The mean concentration of IGF-1 rose from 253 T 39 ng/mL before stretch to 610 T 29 ng/mL after stretch for 6 h ( P < 0.001). The increased myostatin expression levels in cultured myocytes upon stretch were associated with IGF-1 secretion.
Exogenous IGF-1 increases myostatin protein expression
To investigate the direct effect of IGF-1 on myostatin expression in cardiomyocytes, IGF-1 at different concentrations were administrated to the cultured medium for 18 h. As shown in Fig. 7 , exogenous addition of IGF-1 recombinant protein to the myocytes without stretch increased myostatin protein expression in a dose-dependent manner. Addition of IGF-1 and IGF-1 receptor monoclonal antibody but not mouse IgG antibody 30 min before stretch significantly blocked the induction of myostatin expression by cyclic stretch. Addition of IGF-2 recombinant protein (R and D Systems) at different concentrations (100 to 500 ng/ml) did not increase myostatin expression. Exogenous addition of p38 MAP kinase activator, anisomycin (50 AM), to the myocytes without stretch also increased myostatin protein expression.
IGF-1 increases and myostatin inhibits protein synthesis
To study the functional consequences of myostatin expression by cardiomyocytes, [
35 S] methionine incorporation assay was performed. Stimulation with IGF-1 at 600 ng/mL for 2 to 6 h increased protein synthesis for 1.8 to 3.6-fold in non-stretched cardiomyocytes as compared to control cells without IGF-1 treatment (Fig. 8) . Co-stimulation with myostatin at 100 ng/mL and IGF-1 at 600 ng/mL significantly inhibited the protein synthesis induced by IGF-1. These data indicate that catabolic effect might be induced by increased myostatin in cardiomyocytes.
In vivo aorta-caval shunt increases myocardial myostatin protein expression
The induced aorta-caval shunt eventually caused a ratio of 1.7 of pulmonary flow to systemic flow. The left ventricular end-diastolic dimension increased from 6.2 T 0.4 to 6.7 T 0.5 mm after aorta-caval shunt for 7 days. As shown in Fig. 9 , the myostatin protein (unprocessed form) expression in rat myocardium significantly increased at 1 day after induction of aorta-caval shunt and tended to decrease at 7 days after shunt. The DNA-protein binding activity of MEF-2 was also increased at 1 day after induction of aorta-caval shunt.
Discussion
In this study, we demonstrated several significant findings. First, cyclic stretch up-regulates myostatin expression in cardiomyocytes; second, cyclic stretch induces secretion of IGF-1 from cardiomyocytes; third, IGF-1 acts as an autocrine factor to mediate the increased myostatin expression induced by cyclic stretch; fourth, p38 MAP kinase and MEF2 transcription factor are involved in the signaling pathway of myostatin induction; and fifth, in vivo acute hemodynamic overload increases myocardial myostatin expression. Myostatin was upregulated in both a time-and load-dependent manner by cyclic stretch. The present study demonstrated that myostatin can be expressed in neonatal rat cardiomyocytes. Cyclic stretch of cardiomyocytes increased both myostatin protein and mRNA expression.
Although initial reports describing the expression of myostatin gene suggested that myostatin expression is exclusive to skeletal muscle, recent publications have shown that myostatin is also detected in heart [4, 5] and mammary gland [25] . Our study further confirms previous findings that myostatin exists in the cardiomyocytes. The functional role of myostatin in cardiac remodeling is unclear and understanding its regulatory mechanism under mechanical stimulation may help to reveal more insights.
IGF-1 is required for stretch-induced myostatin expression. In our study, exogenous addition of IGF-1 to nonstretched myocytes is sufficient to induce a similar myostatin protein expression as that seen in stretched myocytes. These results provide the first evidence for IGF-1 mediating cyclic stretch-induced expression of myostatin in cardiomyocytes. IGF-1 is synthesized by almost all tissues and is an important mediator of cell growth, differentiation, and transformation [26] . Although IGF-1 expression is upregulated in stretched myocardium [10] , it is not fully understood whether IGF-1 acts as an autocrine mediator in cardiomyocytes as in vascular smooth muscle cells [27] . Our study confirms the autocrine or paracrine production of cardiomyocytes in response to cyclic stretch. Given the role of myostatin in limiting skeletal muscle growth, the up-regulation of myostatin in stretched myocytes may represent a negative feedback mechanism to counteract the secreted IGF-1. Actually, in the present study, we have demonstrated that the IGF-1-induced protein synthesis was inhibited by co-stimulation with myostatin.
Our results suggest that IGF-1 is responsible for MEF2-DNA binding in cardiomyocytes. In this study, we demonstrated that cyclic stretch stimulation of MEF2-DNA binding activity required at least phosphorylation of the p38 since p38 inhibitor and p38 siRNA abolished the MEF2 binding activity. SB203580, a potent and specific inhibitor of p38 MAP kinase, inhibited the myostatin expression induced by stretch, while inhibitors of JNK, p42/p44 MAP, and PI-3 kinases did not have the inhibitory effect. These data implicate that the p38 MAP kinase pathway, but not the JNK, p42/p44 MAP, and PI-3 kinase pathways, mediates the increased transcriptional activity of MEF2. In this study, we also demonstrated that increased transcriptional activity of myostatin promoter by cyclic stretch was MEF2-dependent. Furthermore, inhibition of MEF2 messenger RNA by siRNA abolished the myostatin protein expression induced by cyclic stretch. This finding confirmed the significance of activation of MEF2 transcriptional complexes in inducing myostatin expression. In our study, we cannot exclude the possibility that other transcription factors activated by p38, like ATF2, CREB, and Elk-1 may participate in the regulation of myostatin expression in cardiomyocytes [17] .
In our study, we further confirmed the increased myocardial myostatin expression in acute hemodynamic overload as in aorta-caval shunt. Cachexia has been observed in patients with chronic severe heart failure [28] . Excess myostatin could induce cachexia in mice and myostatin may be involved in human cachexia [29] . Cyclic stretch could cause myocyte hypertrophy and the induction of myostatin by cyclic stretch may serve to ameliorate the effects of excess hypertrophy. The role of myostatin in human cachexia due to chronic heart failure needs further study. In this study, we demonstrated that cyclic stretch of neonatal cardiomyocyte was accompanied by enhanced expression of cardiomyocyte hypertrophy marker, atrial natriuretic factor. Atrial natriuretic factor has been shown to be acutely and transcriptionally increased in ventricular myocardium and anti-hypertrophic [30] . The myostatin function shown in our study parallels to that of atrial natriuretic factor.
In summary, our study report for the first time that cyclic mechanical stretch enhances myostatin expression in cultured rat neonatal cardiomyocytes. The stretch-induced myostatin is mediated by IGF-1 at least in part, through p38 MAP kinase and MEF2 pathway. The link of IGF-1 to p38 MAP kinase in the cardiomyocyte may have some implications for our molecular conceptualization on ''pathological'' vs. ''physiological'' hypertrophy, as IGF-1 is widely accepted as a ''physiological'', protective growth factor, while p38 MAP kinase and MEF2 are on the other side of the spectrum [31, 32] .
